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How does nearby motion affect the perceived speed of a target region? When a central drifting Gabor
patch is surrounded by translating noise, its speed can be misperceived over a fourfold range. Typically,
when a surround moves in the same direction, perceived centre speed is reduced; for opposite-direction
surrounds it increases. Measuring this illusion for a variety of surround properties reveals that the motion
context effects are a saturating function of surround speed (Experiment I) and contrast (Experiment II).
Our analyses indicate that the effects are consistent with a subtractive process, rather than with speed
being averaged over area. In Experiment III we exploit known properties of the motion system to ask
where these surround effects impact. Using 2D plaid stimuli, we ﬁnd that surround-induced shifts in per-
ceived speed of one plaid component produce substantial shifts in perceived plaid direction. This indi-
cates that surrounds exert their inﬂuence early in processing, before pattern motion direction is
computed. These ﬁndings relate to ongoing investigations of surround suppression for direction discrim-
ination, and are consistent with single-cell ﬁndings of direction-tuned suppressive and facilitatory inter-
actions in primary visual cortex (V1).
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Estimation of visual motion is a difﬁcult task. The visual system
must integrate information over area (e.g. Amano, Edwards, Bad-
cock, & Nishida, 2009; Webb, Ledgeway, & McGraw, 2007) and
time (e.g. Mather & Challinor, 2009; Purves, Paydarfar, & Andrews,
1996) in order to determine the speed and heading of a moving ob-
ject. In some situations, there are multiple potentially valid solu-
tions for a single motion sequence, such as in the well-known
motion aperture problem (e.g. Adelson & Movshon, 1982), and in
bistable motion displays (Hupé & Rubin, 2003; Ramachandran &
Anstis, 1983).
Recently, we (Baker & Graf, 2008) revisited a well-known mo-
tion phenomenon, in which the perceived speed of a drifting target
region is greatly affected by motion in the surround (Bressan,
1991; Li, Mollon, & Bosten, 2009; Loomis & Nakayama, 1973; Naw-
rot & Sekuler, 1990; Norman, Norman, Todd, & Lindsey, 1996; Ty-
nan & Sekuler, 1975; Walker & Powell, 1974; Wertheim & Paffen,
2009). Consistent with previous ﬁndings, we reported that sur-
round motion in a similar direction to the central target reduces
perceived speed, but motion in the opposite direction increases
perceived speed (though see Norman et al., 1996). The data shown
in Fig. 1 are replotted from Baker and Graf (2008; Fig. 3 therein)
and illustrate the phenomena and stimuli used.ll rights reserved.
of Life and Health Sciences,
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r).Because our previous study was ultimately concerned with bin-
ocular rivalry, we did not exhaustively investigate the surround
motion phenomenon. In common with previous authors (e.g. Paf-
fen, te Pas, Kanai, van der Smagt, & Verstraten, 2004; Tynan & Sek-
uler, 1975), we attributed the effects to the suppressive and
facilitatory phenomena reported by single-cell studies (see next
section). This remains a plausible mechanism, although there are
multiple candidate neural loci for where the suppression impacts.
Furthermore, the purpose of surround-induced speed changes is
not clear. In this paper we aim to characterise the algorithm imple-
mented by surround suppression and facilitation, and place limita-
tions on its possible stage of inﬂuence.
1.1. Explaining changes in perceived speed
Neural suppression has been proposed as the mechanism by
which surrounds affect psychophysical detection thresholds (Ishik-
awa, Shimegi, & Sato, 2006; Petrov, Carandini, & McKee, 2005; Saa-
rela & Herzog, 2008), perceived contrast (Cannon & Fullenkamp,
1991; McDonald & Tadmor, 2006; Snowden & Hammett, 1998),
direction discrimination (Tadin, Lappin, Gilroy, & Blake, 2003),
the motion aftereffect (Falkenberg & Bex, 2007) and dominance
during binocular rivalry (Paffen, Tadin, te Pas, Blake, & Verstraten,
2006). This explanation is supported by a wealth of single-cell
studies reporting that stimuli outside of the classical receptive ﬁeld
(CRF) can elicit a substantial reduction in ﬁring rate both in V1
(Bair, Cavanaugh, & Movshon, 2003; Hammond & MacKay, 1981;
Jones, Grieve, Wang, & Sillito, 2001; Levitt & Lund, 1997; Sengpiel,
Fig. 1. Perceived speed data and stimuli from Baker and Graf (2008). Perceived
speed was measured using a speed matching task, for a range of surround
directions, and is shown for three observers (symbols) and their average (line).
Methodological details are given in Baker and Graf (2008). Note that our study used
a central grating stimulus surrounded by a noise texture (see inset), whereas most
previous studies had used dot motion. The physical speed of both centre and
surround was always 0.5 deg/s (dashed line).
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Smith, Bair, & Movshon, 2006; Tailby, Solomon, Peirce, & Metha,
2007; Walker, Ohzawa, & Freeman, 1999; Webb, Dhruv, Solomon,
Tailby, & Lennie, 2005; Webb, Tinsley, Barraclough, Parker, & Der-
rington, 2003) and in extra-striate areas such as the middle tempo-
ral (V5/MT and MST) regions (Allman, Miezin, & McGuinness,
1985a, 1985b; Born, 2000; Eifuku & Wurtz, 1998; Pack, Hunter, &
Born, 2005; Raiguel, van Hulle, Xiao, Marcar, & Orban, 1995; Xiao,
Raiguel, Marcar, Koenderink, & Orban, 1995; Xiao, Raiguel, Marcar,
& Orban, 1998). In both anatomical regions, direction-tuned sup-
pression has been reported, typically being greatest in the neuron’s
preferred direction (e.g. Eifuku & Wurtz, 1998; Jones et al., 2001;
Levitt & Lund, 1997).
For neurons whose ﬁring is proportional to stimulus velocity
(e.g. Priebe, Lisberger, & Movshon, 2006), suppression can only ac-
count for speed reductions, not speed increases. Yet there is single-
cell evidence (Eifuku & Wurtz, 1998; Frost & Nakayama, 1983;
Jones et al., 2001; Levitt & Lund, 1997) that surround motion in
the anti-preferred direction (i.e. the opposite direction to that pre-
ferred by the neuron) can increase ﬁring. One explanation for this
is through facilitatory processes. Facilitation can be elicited be-
tween adjacent stimuli and has been observed in a number of psy-
chophysical paradigms, including ﬂank facilitation (Polat & Sagi,
1993), surround facilitation (Meese, Summers, Holmes, & Wallis,
2007) and contour integration (Field, Hayes, & Hess, 1993). These
may all stem from a common process, or may involve several dis-
tinct mechanisms (Cass & Spehar, 2005; Huang, Hess, & Dakin,
2006), for which the underlying neurophysiological implementa-
tions are not well established. An alternative explanation to facili-
tation is that stimulus speed is extracted from a population code
(Priebe & Lisberger, 2004). For models in which perceived speed
is calculated from the ratio of two differentially tuned populations
(e.g. Harris, 1986), modifying the output of only one such popula-
tion could inﬂuence the ﬁnal speed readout in either direction.
The purpose of ﬁring rate changes might be similar to those
proposed for other gain control processes, such as keeping neuronswithin their optimal ﬁring range (Albrecht & Geisler, 1991; Heeger,
1992), efﬁcient population coding strategies (Schwartz & Simon-
celli, 2001), and promoting a normalised (contrast-invariant) re-
sponse to a given velocity. However, there are other
considerations speciﬁc to motion estimation, for which surround
information may be of use.
For example, one explanation for perceived speed shifts is that
the estimate of centre speed is determined relative to the speed
of the background. Such a computation would have obvious eco-
logical value, providing information about absolute object motion
during self-motion (which produces background optic ﬂow), and
aiding in object segregation (Nakayama & Loomis, 1974; Shen
et al., 2007). Support for this explanation comes from studies of in-
duced motion, in which a static target appears to move when
embedded in a moving background (e.g. Ido, Ohtani, & Ejima,
1997; Nishida, Edwards, & Sato, 1997), as well as the ﬁnding that
stationary references inﬂuence perceived speed (Blakemore &
Snowden, 2000; Gogel & McNulty, 1983; Nguyen-Tri & Faubert,
2007).
The simplest version of this scheme is that perceived speed
equals the difference between the velocities of target and back-
ground. Surrounds moving in the opposite direction would then in-
crease perceived speed, and vice versa, qualitatively consistent
with the data in Fig. 1. More complex accounts might involve com-
putational models in which speed is subject to some nonlinear
transform (e.g. Dakin & Mareschal, 2000; Georgeson & Scott-Sam-
uel, 1999) prior to subtraction. Experiment I provides a direct test
of these hypotheses over a range of surround velocities.
An additional stimulus variable which can affect perceived
speed is stimulus contrast. When matching to a high-contrast stan-
dard, stimuli of low contrast appear to move slower (Gegenfurtner
& Hawken, 1996; Thompson, 1982). Since surrounds can also re-
duce perceived contrast (e.g. Cannon & Fullenkamp, 1991; Snow-
den & Hammett, 1998; Xing & Heeger, 2000), it is conceivable
that the ‘effective’ contrast of the centre mediates the changes in
perceived speed.
1.2. Stage of inﬂuence
One of the most extensively researched aspects of motion pro-
cessing is the combination of 1D motion vectors into 2D pattern
motion estimates. One view is that the former occurs in primary vi-
sual cortex (V1), and the latter in higher visual areas such as MT
(Majaj, Carandini, & Movshon, 2007; Movshon, Adelson, Gizzi, &
Newsome, 1985; Simoncelli & Heeger, 1998). Indeed, a recent rTMS
study (Thompson, Aaen-Stockdale, Koski, & Hess, 2009) demon-
strated a double dissociation between these two areas for percep-
tion of component and pattern motion. However, this is a
controversial issue, and there is also evidence that pattern motion
may be computed by tracking feature motion (Bowns, 1996;
Georgeson & Scott-Samuel, 2000), perhaps prior to area MT (e.g.
Pack, Livingstone, Duffy, & Born, 2003; Tinsley et al., 2003). We
proceed on the assumption that pattern motion computation is a
two-stage process, and defer consideration of the alternatives to
the Discussion (Section 6).
Psychophysically, pattern motion integration has been investi-
gated using plaid stimuli (Adelson & Movshon, 1982), with per-
ceived pattern direction being determined by the properties
(speed, direction, contrast, spatial frequency) of the plaid compo-
nents over a wide range of stimulus parameters (Bowns, 1996; Fer-
rera & Wilson, 1990; Kim & Wilson, 1993; Yo & Wilson, 1992). Do
our perceived speed effects occur before or after this pattern direc-
tion is computed? If they occur earlier in motion computation,
then surrounds should affect the perceived direction of plaid mo-
tion, as though the components had altered physical speeds (see
Welch, 1989). If surrounds impact at or after pattern motion is cal-
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round motion. We test these possibilities in Experiment III.
1.3. Summary
We have described a number of potential explanations as to
how and why surrounds inﬂuence perceived speed. In the current
study, we sought to narrow down these possibilities by measuring
changes in perceived speed across a variety of spatiotemporal con-
ditions (Experiment I). A second experiment investigated the inﬂu-
ence of surround contrasts. Finally, we utilised 2D target stimuli
(plaids) to probe the stage at which surround motion impacts
speed estimates.2. General methods
2.1. Equipment and stimuli
All stimuli were displayed on an Ilyama VisionMaster 500 CRT
monitor, controlled by an Apple Macintosh computer. The monitor
was gamma corrected using standard techniques, and had a refresh
rate of 85 Hz. Stimuli were created in Matlab (The Mathworks Ltd.),
and displayed using elements of the Psychophysics Toolbox soft-
ware (Brainard, 1997; Pelli, 1997).
The basic stimulus was a 1 c/deg Gabor patch with an envelope
width (FWHH) of 1.5, and Michelson contrast of 50% (see Fig. 2A).
Surround textures were luminance noise, ﬁltered in the Fourier do-
main using isotropic octave-bandwidth ﬁlters (where spatial fre-
quencies are given, these indicate the centre frequency of the
ﬁlter). The surrounds were multiplied by the inverse of the spatial
Gaussian envelope used to generate the Gabor patch, leaving a
‘notch’ in the centre of the noise (see Fig. 2A). Surround textures
had an RMS contrast of 10% (except in Experiment II where this
was manipulated) and were spatially windowed by a raised cosine
envelope 6 in diameter. Example surround stimuli are shown in
Fig. 2B. In Experiment III, the envelopes for centre and surround
were twice as large, to increase the number of grating cycles avail-
able for plaid motion direction judgements.
2.2. Procedure
During an experimental session, observers were seated in a
darkened room, with their head in a chin rest located 76 cm from
the display. All observers wore their standard optical correction
if required. The point of subjective equality (PSE) between moving
stimuli was measured using either an adaptive staircase (Experi-
ments I and II) or the method of constant stimuli (Experiment III)Fig. 2. Example stimuli. Row A shows a Gabor patch, a windowed noise texture, and th
Experiment I.with further details given below for each experiment. Results were
analysed by pooling data across repetitions, and ﬁtting a cumula-
tive normal using Probit analysis (Finney, 1971), from which the
50% point (PSE) was estimated. Each psychometric function was
bootstrapped 2000 times using custom written software to calcu-
late 95% conﬁdence limits.3. Experiment I, spatiotemporal tuning
3.1. Methods
The PSE for speed was measured using a matching task. On each
trial, two stimuli were displayed offset by 4 either side of a central
ﬁxation cross. This offset was chosen so that stimulus motion was
less likely to produce involuntary eye-movements, and because
surround effects are often most apparent in the periphery (e.g. Pet-
rov et al., 2005; Xing & Heeger, 2000). One stimulus was the target;
it always drifted at the same speed (1 deg/s) and was surrounded
by a translating noise texture. The other stimulus was the match;
it had no surround and its speed was determined by a 1-up 1-down
staircase procedure (Meese, 1995). The target and match were al-
ways orthogonal to each other (±45 from vertical). The task was
to indicate using the keyboard which grating patch appeared to
move faster (left or right). Stimuli were presented for one second,
and lateral positioning of target and match was randomly deter-
mined on each trial. We measured perceived target speed for a
range of surround speeds (0.25, 0.5, 1, 2 and 4 deg/s) and spatial
frequencies (0.25, 0.5, 1, 2 and 4 c/deg), for two relative surround
directions, giving a total of 50 conditions.
Each block of trials comprised two interleaved staircase pairs,
which tracked thresholds for same-direction surrounds (one pair)
and opposite-direction surrounds (one pair), at a given surround
speed and spatial frequency. Within each pair, one staircase began
above and one below the physical speed of the target. The staircase
step size was 0.05 log units, and each staircase terminated after 50
trials, so blocks lasted for 200 trials (about 5 min). Observers com-
pleted the experiment twice, with blocks carried out in a random
order. Experiment I was completed by both authors (DHB, EWG)
and a postgraduate student (ISK) who was psychophysically expe-
rienced but naïve to the purpose of the experiment.
3.2. Results
Perceived target speeds are plotted as a function of relative sur-
round speed in Fig. 3, and conform approximately to a sigmoidal
shape. When the surround moves in the same direction as the cen-
tre at the same or greater speed (i.e. relative speedsP0) perceivedeir sum. Row B shows example noise textures at each spatial frequency, as used in
Fig. 3. Perceived speed of a central target plotted as a function of relative surround speed. Symbols represent spatial frequencies, and line types indicate whether the
surround moved in the same (solid) or opposite (dotted) direction to the target. The dashed horizontal line gives the true speed of the target. Data are shown for three
observers, with error bars denoting 95% conﬁdence limits of the PSE.
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surrounds, and surrounds moving in the opposite direction to the
centre (negative relative speeds), perceived speed typically in-
creased by up to a factor of 2. These trends are evident at all spatial
frequencies, and for all observers (though observer ISK’s data are
somewhat noisier). There is little variability at the extremes of
each function, suggesting that the effects have saturated at these
faster speeds.
Fig. 3 also reveals an interesting ﬁnding: increases in perceived
speed are not limited to opposite-direction surrounds. For same-
direction surrounds moving at the slowest speed (0.25 deg/s) per-
ceived speed increases slightly at all spatial frequencies (solid-line
functions which rise above the dashed line of unity). This may re-
late to reports that perceived speed increases in the presence of a
static background texture (Nguyen-Tri & Faubert, 2007).4. Experiment II, effect of surround contrast
One hallmark of psychophysical surround suppression is that it
saturates at higher surround contrasts, both for detection (Ishika-
wa et al., 2006; Meese, Challinor, Summers, & Baker, 2009; Petrov
et al., 2005) and direction discrimination (Betts, Taylor, Sekuler, &
Bennett, 2005; but see Aaen-Stockdale, Thompson, Huang, & Hess,
2009) thresholds. There is also evidence of saturation in single-cell
studies (Webb et al., 2005) and in the phenomenon of crowding
(Pelli, Palomares, & Majaj, 2004). We consider whether this is also
the case for perceived speed changes. This is of particular interest,
as strong saturation at the surround contrasts used in Experiment I
would reduce the likelihood that the observed differences in effect
size are due to differences in the effective surround contrast.Fig. 4. Perceived speed as a function of surround contrast. Speed matches are shown for d
lines are the direction discrimination contrast threshold for the surround noise texture.
values.4.1. Methods
Perceived speed of a central grating was measured as a function
of surround contrast for a single surround speed (2 deg/s) and spa-
tial frequency (4 c/deg). This condition was chosen because it pro-
duced substantial effects in Experiment I, and was of a sufﬁciently
different spatial frequency to the target (1 c/deg) to ensure clear
segmentation. The speed matching procedure was as described
for Experiment I. Experiment II was completed by both authors
(DHB, EWG) and a postgraduate student (KLG) who was familiar
with the task from a previous study (see Fig. 1).
A direction discrimination contrast threshold was also mea-
sured for the surrounding noise, using a Bits++ box (Cambridge Re-
search Systems Ltd., Kent, UK) to obtain 14-bit contrast resolution.
Thresholds were estimated using a standard two-alternative direc-
tion (left/right) judgement task, with contrast controlled by a pair
of 3-down-1-up staircases. We express contrast in dB units, de-
ﬁned as CdB = 20 log10 (RMS%), where RMS% is the root mean
square contrast of the noise expressed as a percentage. This task
was repeated three times by each observer.4.2. Results
The results of the surround contrast experiment are shown in
Fig. 4, and differ for the two surround motion directions. Surround
motion in the opposite direction to the target yields an acceleration
effect, which increases with surround contrast (grey circles) for
two observers (DHB, KLG). For observer EWG, the effect saturates
at the three highest surround contrasts. Motion in the same direc-
tion as the target reduces perceived speed, but this saturates at rel-
atively low surround contrasts for two observers (DHB, EWG),
remaining constant by up to a log unit (20 dB) of contrast (blackifferent surround contrasts, and two relative surround directions. The vertical dotted
Grey shaded regions and error bars give 95% conﬁdence limits of threshold and PSE
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tion, but consistently exhibits a much stronger suppressive effect
(see also Fig. 1). This could be due to individual differences in cor-
tical inhibition (see Baker & Graf, 2009) or a different response
strategy.
These ﬁndings are important for two reasons. Firstly, any evi-
dence of saturation makes it highly unlikely that the effects re-
ported in Experiment I are purely an artefact of surround
detectability (the surround contrast in Experiment I was 20 dB).
Secondly, as discussed above, saturation at higher contrasts is a
hallmark of other surround effects commonly attributed to sup-
pression (and also of many V1 neurons to drifting stimuli; e.g. Albr-
echt & Hamilton, 1982). This supports the proposition that
surround suppression underlies our effects.5. Experiment III, plaid motion
We aimed to determine whether the surround effects that we
have observed affect speed encoding before or after the computa-
tion of pattern motion. To do this, we used a drifting plaid stimulus
presented with or without a surround. The two components of the
plaid were oriented ±45 from vertical, so that for equal compo-
nent speeds the plaid appeared to drift upwards. By varying the
speed of one component and keeping the other ﬁxed, the plaid
direction shifted to the left or right of vertical, and observers re-
ported the perceived direction at a range of component speeds.
5.1. Methods
We measured the PSE for perceived direction using central pre-
sentation (duration 1 s) of a single plaid stimulus (see Fig. 5 for
stimulus icons). Observers indicated on each trial whether the
plaid appeared to be drifting to the left or to the right of vertical.
The centre stimulus was created by superimposing the target andFig. 5. Perceived directions of plaid stimuli, with and without moving surrounds. Pan
conditions. Curves are cumulative Gaussians estimated by Probit analysis, with grey regio
at which the plaid appeared vertical for individual observers (symbols) and the average (
predictions based on the data in Fig. 1, as described in the text. Icons along the absciss
vertical axis (arrows denote motion direction and were not present). Note that plaid
component speeds (Yo & Wilson, 1992).match stimuli from the perceived speed tasks (see above). Varying
the ‘match’ speed (0.18–2.24 deg/s) about that of the ‘target’
(1 deg/s) produced biases in the perceived plaid direction about
the vertical axis. ‘Match’ speeds were allocated using the method
of constant stimuli with a minimum of 50 trials per level. The sur-
round had a spatial frequency of 4 c/deg and a speed of 2 deg/s. It
moved in either the same direction or the opposite direction to the
ﬁxed speed (‘target’) plaid component, and was thus always
orthogonal to the variable-speed (‘match’) component. We also in-
cluded a condition in which the surround was absent, and trials
were blocked by surround condition, yet interleaved for compo-
nent speeds and counterbalanced for centre direction.
The three observers from Experiment II, as well as three addi-
tional observers participated in Experiment III. The additional
observers varied in their level of psychophysical experience, but
were naïve regarding the experimental hypotheses.5.2. Results
Psychometric functions for the condition without a surround
are shown in Fig. 5A (white circles) for six observers. The upper ab-
scissa indicates the speed of the variable component, and the lower
abscissa gives the plaid direction calculated from the two physical
component velocities by vector averaging (Yo & Wilson, 1992). PSE
values indicating subjective vertical are given by the open symbols
Fig. 5B, with the middle bar showing the average. It is clear that
without a surround (central bar of Fig. 5B), all observers made
veridical judgements of plaid direction, with thresholds close to
0 (dotted line).
In the remaining conditions, motion was added to the surround
in either the same or opposite direction to the ﬁxed-speed compo-
nent. This meant that surround motion was always orthogonal to
the variable-speed plaid component. Surround motion produced
substantial shifts in the perceived plaid direction, in opposingels in A show individual psychometric functions for each observer in the three
ns enclosing 95% conﬁdence limits of the threshold. Panel B shows threshold values
bars), with error bars giving ±1SE. The horizontal dashed ‘Prediction’ lines are model
a illustrate the stimuli, which in the experiments were counterbalanced about the
direction was calculated by determining the vector average of the two physical
Fig. 6. Data of Experiment I compared to the predictions of three simple models.
The data (black circles) were averaged across spatial frequency and observer. The
true speed for all conditions is given by the horizontal dashed line. Other functions
are the predictions of three algorithms as described in the text.
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vertical (the PSE) was shifted by an average of 18.8 for same-
direction surrounds, and 6.2 for opposite-direction surrounds.
Unsurprisingly, ANOVA revealed a highly signiﬁcant effect of sur-
round modulation (F2,15 = 66.9, p .01), and t-tests comparing
each surround condition to the no-surround baseline were also sig-
niﬁcant (both t > 6.5, both p < 0.001).
The negative direction shift, caused by a same-direction sur-
round, is consistent with a reduction in the effective speed of the
ﬁxed component to around 0.5 deg/s (see the speed axes in
Fig. 5). Similarly, the positive direction shift is consistent with an
increase in component speed of up to 1.5 deg/s. These values
approximate the magnitude and direction of the perceived speed
shifts measured in Experiment I. We note that the positive direc-
tion shift is smaller, most likely because the surround also in-
creases the perceived speed of the variable component, to which
it is orthogonal (see Fig. 1).
We also calculated predictions based on the data in Fig. 1 for
each of the three subjects that participated in that experiment.
We used the data points at 0, 90 and 180 surround orientation
to estimate perceived direction for a plaid with these physical
speeds (Note, we used the vector averaging model (Yo & Wilson,
1992), however for the present situation the predictions of the
intersection of constraints model (Adelson & Movshon, 1982) are
identical). The average (±1SE) is shown by the dashed horizontal
lines labelled ‘Prediction’ in Fig. 5B. It is clear that the predictions
are quantitatively similar to the empirical results, which supports
the conclusion that the direction shifts are a consequence of
changes in perceived speed.6. Discussion
We measured the perceived speed of a central target grating
surrounded by translating noise textures of different speeds and
spatial frequency content (Experiment I). For same-direction sur-
rounds, centre speed was typically reduced substantially (up to a
factor of 2). For opposite-direction surrounds, centre speed in-
creased. These effects saturated at high speeds (Experiment I)
and also with surround contrast (Experiment II). For a 2D plaid tar-
get, perceived direction was inﬂuenced in a manner consistent
with changes in the plaid component speeds (Experiment III). We
now consider possible explanations for these effects, and discuss
their relevance to other work.6.1. Relative motion
Previous studies (i.e. Nakayama & Loomis, 1974; Nguyen-Tri &
Faubert, 2007; Norman et al., 1996) have proposed (though not al-
ways concluded) that changes in perceived speed involve a compu-
tation of relative motion between target and background. This is
analogous to surround-induced changes in perceived luminance
(e.g. Adelson, 1993) and contrast (Cannon & Fullenkamp, 1991),
and might aid in object segmentation (Gautama & van Hulle,
2001; Nakayama & Loomis, 1974; Shen et al., 2007) or motion con-
trast discrimination (Watson & Eckert, 1994). Such calculations
could also be a consequence of opponent motion processing (e.g.
Adelson & Bergen, 1985; Rainville, Scott-Samuel, & Makous,
2002; Rainville, Makous, & Scott-Samuel, 2005) or involve a lateral
version of motion contrast normalisation (Georgeson & Scott-Sam-
uel, 1999).
The simplest relative motion computation is the difference be-
tween surround and target velocities. This predicts a linear change
in perceived speed with surround speed (dashed grey line in Fig. 6)
which describes the averaged Experiment I data (black circles) sur-
prisingly well for slow to mid-range speeds. However, the data peelaway from the linear prediction at faster speeds. Similar saturation
can be introduced if the subtractive term is a compressive nonlin-
ear function of surround speed,
Vp ¼ Vc  ðVr=ðsþ jVr jÞÞ ð1Þ
where Vp is perceived velocity, Vc is centre velocity, Vr is surround
velocity, and s is a constant. For suitable values of s (here s = 0.7,
which gives a reasonable approximation by eye), this equation pro-
vides a good qualitative description (continuous grey function in
Fig. 6) of the data of Experiment I. Further elaboration, such as
weighting the sigmoidal term, varying the value of s, or including
exponentiation could account for the discrepancy between the pre-
diction and the data here. However, our purpose here is not to ﬁt a
comprehensive or biologically plausible model, but to compare
some basic algorithms. We also note that these differencing algo-
rithms are of the same general form as the ‘convexity cells’ pro-
posed by Nakayama and Loomis (1974) for extracting depth
information from a velocity ﬁeld.
For comparison, an integration prediction is also shown in Fig. 6
(dash-dotted right-oblique line). This was obtained by averaging
centre and surround speeds, and clearly fails to predict our results.
Fractional weighting of the surround speed in this scheme pro-
duces alternative predictions that lie in the grey shaded region,
and are also very poor.
6.2. Perceived contrast of target
As mentioned in Section 1.1, target contrast can affect perceived
speed (Gegenfurtner & Hawken, 1996; Thompson, 1982). Is it pos-
sible that surround suppression reduces the effective contrast of
the target, which subsequently affects motion perception? As we
have previously suggested (Baker & Graf, 2008), this is unlikely
for a number of reasons. First, the effects we report are larger in
magnitude than those obtained even with very different target
and match contrasts; for example, a contrast ratio of 7:1 can re-
duce perceived speed by a factor of 1.7 (Thompson, Brooks, & Ham-
mett, 2006), yet our surround effects frequently exceed a factor of
2 (see Figs. 1, 3 and 4). Second, a sevenfold surround-induced shift
in perceived contrast is larger than those in the literature (typically
D.H. Baker, E.W. Graf / Vision Research 50 (2010) 193–201 199less than factor of 4; Snowden & Hammett, 1998) further reducing
the contribution that might be expected from a contrast-mediated
effect. Finally, perceived contrast would have to increase for oppo-
site-direction surrounds, and we are aware of no reports of such a
phenomenon. Indeed, large shifts of perceived contrast contingent
on target direction should be clearly evident in the stimulus, yet
they are not (see Baker & Graf, 2008, Movie 1). We therefore reject
explanations based solely on perceived contrast for the phenom-
ena reported here, although we accept that it could constitute a
minor contributing factor.
6.3. Plaid motion perception
The results of Experiment III indicate that moving surrounds af-
fect grating speed before pattern direction is computed. This is the
ﬁrst study we are aware of which reports changes in plaid direction
produced by motion outside of the plaid region. However, it is well
known that plaid direction can be inﬂuenced by adaptation. Adapt-
ing to one plaid component reduces its perceived speed, and shifts
perceived direction towards the other component (Derrington &
Suero, 1991). For Type II plaids, which have multiple perceivable
pattern directions (e.g. Ferrera & Wilson, 1990), adapting to one
pattern direction (using a grating) favours the other plaid percept
(Bowns & Alais, 2006). In preliminary experiments, we have found
that Type II plaids also show surround-induced direction shifts,
which are well predicted by the perceived component speeds.
We hope to pursue this work further in the future.
Recent work has demonstrated that plaid direction is not deter-
mined by contrast-mediated perceived speed changes (Champion,
Hammett, & Thompson, 2007) as had previously been suggested
(Stone, Watson, & Mulligan, 1990). Our data do not contradict this
result, which serves as further evidence that the surround-induced
perceived speed shifts are not related to speed mis-estimation at
low contrast (see Section 6.2 above). However, our ﬁndings do sup-
port a more general conclusion of Stone et al. (1990), namely that
plaid direction can be determined by perceived, rather than phys-
ical component speeds.
As mentioned in Section 1.2, the two-stage account of pattern
motion integration is controversial. Alternative explanations for
plaid motion perception include tracking features of the plaid pat-
tern, such as luminance ‘blobs’ (Bowns, 1996; Georgeson & Scott-
Samuel, 2000), or second order motion components (Derrington,
Badcock, & Holroyd, 1992). In the following section we consider
how feature-tracking accounts of plaid perception might explain
our results.
6.4. Direction repulsion
When two moving patterns are superimposed, their perceived
directions can shift away from each other (Braddick, Wishart, &
Curran, 2002; Dakin & Mareschal, 2000; Marshak & Sekuler,
1979; Mather & Moulden, 1980). For centre–surround conﬁgura-
tions using gratings, the centre direction can shift by up to 30
(Kim & Wilson, 1997). Is it possible that direction repulsion might
inﬂuence the results of Experiment III, in which plaid direction
judgements were made? There are two ways in which this may
have occurred – either through repulsion of the pattern motion it-
self, or via a direction shift of one or both of the plaid components.
Repulsion of the pattern motion could occur if perceived direc-
tion were determined by feature-tracking of luminance ‘blobs’,
which move directly upwards in our stimuli when component
speeds are equal. This might produce a repulsive effect in the per-
ceived direction when the surround moved obliquely upwards, as
the angle between surround and ‘blob’ directions was 45 and this
produced the largest effects for Kim and Wilson (1997). We note,
however, that Kim and Wilson’s effects were not observed whenthe spatial frequencies of centre and surround differed greatly
(see their Fig. 6), as here (centre components = 1 c/deg,
‘blobs’ = 0.7 c/deg, surround = 4 c/deg).
More importantly, a repulsion account would have difﬁculty
explaining the result for the downward-oblique surround, as this
differed in direction from the ‘blob’ motion by 135. In general
direction repulsion effects are weak or absent after around 90
component separation (i.e. Braddick et al., 2002; Kim & Wilson,
1997), yet we were not aware of any work which had explicitly
tested greater separations. Two observers (DHB and JAEJ) therefore
performed a control version of Experiment III, in which the plaid
was replaced by a single grating moving in the pattern direction.
Direction judgements as a function of orientation were unaffected
by either surround direction (45 or 135 from vertical), with all
PSEs remaining within 1 of the veridical grating motion.
The results of the control experiment also make it unlikely that
repulsion effects inﬂuenced the perceived direction (rather than
the speed) of individual components, which in turn affected plaid
direction. Such an account would predict equal but opposite shifts
of the variable-speed component direction for the two surround
directions (as the variable-speed component was orthogonal to
both surrounds). This would be expected to produce equally large
shifts in plaid direction, yet our results are clearly asymmetrical in
magnitude (see Fig. 5B).
In summary, based on previous studies and our control data,
direction repulsion is unlikely to fully explain either the magnitude
or qualitative pattern of our results. It is still possible that such ef-
fects do contribute to our empirical results, but the close corre-
spondence between the empirical data and our prediction based
on perceived speed results (dashed lines in Fig. 5B) suggests that
such contributions are probably small.
6.5. Rotational motion
Whilst revising this paper, we became aware of a related study
using rotating stimuli (Wertheim & Paffen, 2009). These authors
measured perceived speed of a rotating row of dots using the
method of adjustment. The background was a radial grating, which
rotated at a range of speeds, in either the same or opposite direc-
tion to the target. The perceived target speed followed a sigmoidal
function of background velocity, similar to the results of our Exper-
iment I (Fig. 3). It is interesting that our ﬁndings generalise to rota-
tional motion, and reassuring to see the same pattern replicated
using a different experimental paradigm.
6.6. Where do surround motion effects occur?
Two recent studies (Aaen-Stockdale et al., 2009; Churan, Rich-
ard, & Pack, 2009) have raised the possibility that the impairment
in motion direction discrimination with increasing area reported at
high contrasts (Tadin et al., 2003) may not be due to surround sup-
pression in area V5/MT as previously suggested. This is because
surround-suppressed MT neurons are only dominant under tran-
sient conditions (i.e. durations <100 ms; Churan, Khawaja, Tsui, &
Pack, 2008), yet similar psychophysical effects are found using a
modiﬁed (counterphasing) stimulus presented for much longer
durations (Aaen-Stockdale et al., 2009). One consequence of this
is that true MT surround suppression may only be apparent psy-
chophysically at very brief durations for transient stimuli (Churan
et al., 2009). However, Aaen-Stockdale et al. (2009) also show that
most of the effects previously attributed to surround suppression
can be accounted for by differences in the supra-threshold contrast
of the stimuli.
Our stimuli were also presented for long durations (1s), well be-
yond the period during which centre–surround neurons dominate
the MT response (<100 ms; Churan et al., 2008). This suggests that
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side of area MT. The ﬁnding that perceived plaid direction is af-
fected by surround motion points to an earlier locus, as does
evidence that surround motion inﬂuences dominance during bin-
ocular rivalry (Baker & Graf, 2008; Paffen et al., 2004), given that
rivalry alternations have been observed as early as V1 (e.g. Tong
& Engel, 2001). We point out that centre–surround units at an early
stage can in principle be combined to form later units with larger
receptive ﬁelds which may or may not themselves exhibit measur-
able surround suppression (i.e. the two populations of cells identi-
ﬁed by Churan et al., 2008). Thus, the existence of contextual
modulation at an early stage in processing does not necessarily
conﬂict with its apparent absence at a later stage.
Precisely how direction discrimination deﬁcits relate to shifts in
perceived speed is not yet clear, and they may well prove to be
mediated by common mechanisms. Although surround effects on
direction discrimination are usually studied by increasing the
diameter of the target stimulus (meaning that there is no distinct
surround region), Tadin, Lappin, and Blake (2006) report similar re-
sults using a central target surrounded by drifting noise, much like
in our paradigm. Future studies, perhaps involving detailed com-
putational modelling, might aim to produce a uniﬁed account of
surround motion effects.7. Conclusions
Surround motion can greatly affect the speed of a central target
region, by up to a factor of two. This perceived speed illusion is lar-
gely dependent on relative surround velocity, and may occur early
in visual motion processing. We also show that moving surrounds
can shift the perceived direction of 2D plaid motion by almost 20.
The magnitude of these effects suggest that there may be impor-
tant real-world implications for common tasks such as driving
(i.e. estimating another vehicle’s speed; Gray & Regan, 2005) which
could be assessed in future applied work.Acknowledgments
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